Abstract. Despite advances in treatment, malignant glioma commonly exhibits recurrence, subsequently leading to a poor prognosis. As manganese (Mn) compounds can be transported by the transferrin-transferrin receptor system, the present study synthesized and examined the potential use of Adpa-Mn as a novel antitumor agent. Adpa-Mn time and dose-dependently inhibited U251 and C6 cell proliferation; however, it had little effect on normal astrocytes. Apoptosis was significantly elevated following treatment with Adpa-Mn, as detected by chromatin condensation, Annexin V/propidium iodide staining, cytochrome c release from mitochondria to the cytoplasm, and the activation of caspases-9, -7 and -3 and poly (ADP-ribose) polymerase. In addition, Adpa-Mn enhanced fluorescence intensity of monodansylcadaverine and elevated the expression levels of the autophagy-related protein microtubule-associated protein 1 light chain 3. Pretreatment with the autophagy inhibitors 3-methyladenine and chloroquine enhanced Adpa-Mn-induced cell inhibition, thus indicating that autophagy has an essential role in this process. Furthermore, evidence of mitochondrial dysfunction was detected in the Adpa-Mn-treated group, including disrupted membrane potential, elevated levels of reactive oxygen species (ROS) and depleted adenosine triphosphate. Conversely, treatment with the mitochondrial permeability transition inhibitor cyclosporin A reversed Adpa-Mn-induced ROS production, mitochondrial damage and cell apoptosis, thus suggesting that Adpa-Mn may target the mitochondria. Taken together, these data suggested that Adpa-Mn may be considered for use as a novel anti-glioma therapeutic option.
Introduction
Malignant glioma, which is the most common type of primary brain tumor, is highly aggressive and metastatic. Survival ranges between 12 and 40 months from initial diagnosis, and between 6 and 18 months following recurrence, despite treatment with standard therapies, including surgery, chemotherapy and radiotherapy (1) (2) (3) . Therefore, it is necessary to develop novel strategies for the treatment of glioma. Mitochondria are unique cellular organelles, the primary role of which is to generate adenosine triphosphate (ATP) through oxidative phosphorylation, in order to ensure survival (4) . Previous studies have reported that mitochondria have a central role in regulating proliferation, apoptosis and autophagy in cancer cells (5) (6) (7) . Therefore, disturbing mitochondrial metabolism or interfering with mitochondrial membrane permeabilization may be considered a promising therapeutic approach to cancer.
Autophagy is a lysosomal degradation pathway by which cells consume intracellular materials, including damaged organelles, proteins or hazardous substances, in order to maintain cellular homeostasis (8) . Autophagy is upregulated in response to cellular stress, including starvation, mitochondrial stress, endoplasmic reticulum stress and pathogenic infection (9) . The emerging role of autophagy in cancer is considered to be a double-edged sword. Autophagy has been reported to render cancer cells able to tolerate therapy-induced stress; however, autophagy can also digest organelles and limit tumorigenesis (10) . Therefore, modulating the autophagic pathway may provide novel approaches to cancer therapy and prevention.
Manganese (Mn) is an essential mineral that can influence intracellular and extracellular metabolism associated with the mitochondria (11) . Apoptosis is activated by Mn compounds, which induce the rupture of DNA and the release of cytochrome c from the mitochondrial intermembrane space to the cytosol (12) . In addition, several enzymes have been identified, which naturally contain Mn, including pyruvate carboxylase, arginase and Mn superoxide dismutase (13, 14) . The main purpose of Mn is as a coactivator of superoxide dismutase in mitochondria (15) . It has been reported that Mn (II) ions are predominantly transported by divalent metal transporter 1 (DMT-1) and the transferrin-transferrin receptor (Tf-TfR) system, which is highly expressed in various tumors (16 
Materials and methods

Materials.
The compound Adpa-Mn was synthesized by Professor Chen Qiuyun (Fig. 1A) as previously described (20 , N-acetylcysteine (NAC), ferric citrate, DFO, CsA and chloroquine (CQ) were purchased from Sigma-Aldrich. All other chemicals were of high purity, and were purchased from commercial sources. The study was approved by the ethics committee of Jiangsu University (Zhenjiang, China).
Cell culture. The U251 human glioma cell line, and the C6 rat glioma cell line were obtained from the Cancer Cell Repository (Shanghai Cell Bank; Shanghai, China). The cells were maintained in DMEM supplemented with 10% (v/v) heat-inactivated FBS and antibiotics (100 U/ml penicillin and 100 U/ml streptomycin; Beyotime Institute of Biotechnology) at 37˚C in a humidified atmosphere containing 5% CO 2 . Primary astrocyte cells isolated from three newborn Sprague-Dawley rats were cultured in RPMI-1640 as described previously (21) .
Cell viability assay. The cells were plated at a density of ~4x10 3 viable cells/well in 96-well plates in the presence of 5, 10, 20, 30, or 40 µM of the compound for 12, 24, or 36 h. MTT (1 mg/ml) was added for 3 h followed by dimethyl sulfoxide to dissolve the formazan product, and the U251 and C6 cell viabilities were measured using a 96-well plate reader (SpectraMax 190; Molecular Devices,Sunnyvale, CA, USA) at 490 nm.
Cell apoptosis assay. The cells were plated at a density of ~1x10 5 Western blot analysis. Proteins were extracted from the cells using lysis buffer (30 mM Tris, pH 7.5; 150 mM sodium chloride; 1 mM phenylmethylsulfonyl fluoride; 1 mM sodium orthovanadate; 1% Nonidet P-40; 10% glycerol; and phosphatase and protease inhibitors; Roche Diagnostics, Basel, Switzerland). Then, 20 µg protein was separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis at a constant voltage setting of 110 V for 80 min and were electrophoretically transferred onto polyvinylidene fluoride membranes (Thermo Fisher Scientific Inc.) at a constant current setting of 300 mA for 90 min. Membrane blocking was performed with 1% BSA for 1 h. The membranes were probed with primary antibodies diluted with 1% BSA overnight at 4˚C, followed by an incubation with horseradish peroxidase-conjugated goat anti-mouse (cat. no. sc-2969) and goat anti-rabbit (cat. no. sc-2768; Santa Cruz Biotechnology, Inc.) secondary antibodies for 2 h at room temperature. Detection was performed using a LumiGLO Chemiluminescent Substrate system (KPL, Gaithersburg, MD, USA).
Mitochondrial membrane potential assay. Alterations to mitochondrial membrane potential were measured using JC-1. U251 cells were washed with PBS and were incubated with 5 µg/ml JC-1 at 37˚C for 30 min. Cells were then washed twice with PBS and were immediately assessed by fluorescence spectrometry (Spectra Max Gemini; Molecular Devices). A 488-nm filter was used to detect the excitation of JC-1. Emission filters of 535 and 595 nm were used to quantify the population of mitochondria exhibiting green (JC-1 monomers) and red (JC-1 aggregates) fluorescence. The ratio of red/green fluorescence was used to reflect the mitochondrial membrane potential.
Determination of intracellular ATP levels. ATP content was measured according to the luciferin-luciferase method, which is based on the requirement of ATP for luciferase to produce light. The cells were plated at a density of ~1x10 5 viable cells/well in 6-well plates. Cells were harvested following treatment with 20 µM Adpa-Mn for 6, 12 and 24 h and were assayed for ATP using a chemical luciferase ATP assay kit (Beyotime Institute of Biotechnology). The quantity of ATP in the experimental samples was calculated from a standard curve prepared with ATP, and was expressed as nmol/mg protein.
Statistical analysis. Differences between groups were analyzed using a two-tailed Student's t-test with GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego CA, USA) and differences among groups were analyzed using one-way analysis of variance. All values are expressed as the mean ± standard deviation and P<0.05 was considered to indicate a statistically significant difference. All experiments were repeated at least three times.
Results
Adpa-Mn exhibits significant and selective anti-glioma activity.
To determine whether Adpa-Mn has an inhibitory effect on glioma cells, the U251 human glioma cell line and the C6 rat glioma cell line were subjected to an MTT assay. Treatment with Adpa-Mn inhibited U251 and C6 cell proliferation in a dose-and time-dependent manner ( Fig. 1B and 1C) .
Subsequently, it was determined whether Adpa-Mn exhibits cancer cell selectivity. Treatment with Adpa-Mn exhibited significant selectivity towards glioma cells (C6) over normal rat astrocytes (Fig. 1D and E) , whereas cisplatin did not exert this selectivity (Fig. 1F ). This preferential toxicity toward cancer cells over non-cancer cells suggests the potential use of this compound as an antitumor therapeutic option. Due to the high expression of TfR on tumor cells, the cancer cell selectivity of Adpa-Mn may be due to its transport mechanism. As detected by western blotting and MTT assay, when the expression of TfR was inhibited by ferric citrate (100 µM) pretreatment for 24 h, the inhibitory effect of Adpa-Mn on U251 cells was significantly decreased. Conversely, when TfR expression was upregulated following DFO (10 µM) pretreatment for 24 h, Adpa-Mn induced U251 cell inhibition more efficiently ( Fig. 1G and H) .
Adpa-Mn induces apoptotic cell death.
To investigate the potential anticancer mechanisms of Adpa-Mn, U251 malignant glioma cells were treated with various concentrations of Adpa-Mn for 24 h. Apoptotic cell death was detected using 4',6-diamidino-2-phenylindole, a typical nuclear stain that can visualize nuclear condensation. The results demonstrated that nuclei became condensed and fragmented, and apoptotic bodies were detected following treatment with Adpa-Mn ( Fig. 2A) . Adpa-Mn-induced apoptosis was further detected using Annexin V/PI staining. As presented in Fig. 2B and C, Annexin V + cells were abundantly increased from 10.1 to 48.7 and 52.5% following treatment with 10 and 20 µM Adpa-Mn, respectively. To determine the involvement of the caspase cascade in Adpa-Mn-induced apoptosis, the expression levels of caspases were detected by western blotting. The hallmarks of apoptosis, including PARP, caspase-9, caspase-7 and caspase-3, were activated/cleaved in U251 cells following treatment with Adpa-Mn in a dose-dependent manner (Fig. 2D) . Consistent with the decreased expression of Bcl-2 (Fig. 2D) , which is an integral membrane protein located mainly on the outer mitochondrial membrane that inhibits apoptosis, cytochrome c was transferred from the mitochondrial intermembrane space to the cytoplasm (Fig. 2E) . These results suggest that Adpa-Mn may induce significant apoptosis of U251 cells.
Adpa-Mn induces protective autophagy. Cellular features of necrosis, apoptosis and autophagy frequently occur together in response to death signals and toxic stress (22) . The present study determined whether Adpa-Mn was able to induce cell death via autophagy. Autophagy is characterized by the accumulation of vesicles and the formation of autophagosomes, which can be detected by the presence of membrane-bound LC3-phospholipid conjugates (23) . MDC is a specific marker of autophagic vacuoles (Fig. 3A) and treatment with Adpa-Mn (10 and 20 µM) for 12 h triggered the accumulation of MDC-stained acidic vesicular organelles (AVO) in U251 cells. In addition, Adpa-Mn yielded a time-and dose-dependent increase in the expression levels of LC3 II (the processed form of LC3; Fig. 3B and C) . In addition, the LC3 II/LC3 I ratio was increased in a dose-and time-dependent manner following treatment with Adpa-Mn. These data suggest that autophagy was enhanced following treatment with Adpa-Mn. It has previously been reported that apoptosis and autophagy are not mutually exclusive pathways, but have been shown to act in synergy and also to counter each other (24) . Pretreatment with 3-MA, an inhibitor of autophagy, and CQ, an inhibitor of lysosomal degradation, decreased Adpa-Mn induced LC3 II accumulation and LC3 II/LC3 I ratio (Fig. 3C) , and accelerated cell death ( Fig. 3D and E) . Autophagy inhibition decreased cell viability, which indicated that Adpa-Mn-induced autophagy exerts a protective role in U251 cells. 
A B C D E
Adpa-Mn triggers mitochondrial dysfunction. Since mitochondria are critical in apoptosis and autophagy, the present study aimed to determine the effects of Adpa-Mn on mitochondrial function. JC-1 was used to evaluate mitochondrial membrane potential. Treatment with 5, 10 and 20 µM Adpa-Mn for 12 h led to a decrease in mitochondrial membrane potential, as detected by enhanced green intensity and reduced red intensity of JC-1 (Fig. 4A) . Subsequently, the ratio of red and green fluorescence intensity was determined using a fluorescent microplate reader, which indicated a dose-and time-dependent decrease (Fig. 4B) . DCFH-DA was used to determine the effects of Adpa-Mn on intracellular ROS generation in U251 cells. As presented in Fig. 4C and D, the fluorescence intensity of DCFH-DA per 1x10 4 cells was significantly elevated following treatment with Adpa-Mn in a dose-and time-dependent manner, thus suggesting that (Fig. 4E) . These results suggest that Adpa-Mn triggers mitochondrial dysfunction in U251 cells.
Adpa-Mn induces cell death dependent on mitochondrial dysfunction.
Due to the finding that Adpa-Mn triggers mitochondrial membrane potential breakdown and ROS generation, the present study aimed to elucidate the association between ROS, mitochondria and Adpa-Mn-induced cell death (Fig. 5) . Pretreatment with CsA (2 µM), an inhibitor of the mitochondrial permeability transition pore (MPTP) and NAC, a ROS scavenger, reduced Adpa-Mn-induced ROS production (Fig. 5A) , whereas only CsA pretreatment was able to reverse Adpa-Mn-induced membrane potential collapse (Fig. 5B) . Furthermore, MTT assay and Annexin V/PI staining indicated that cell death or apoptosis triggered by Adpa-Mn was significantly reduced by CsA pretreatment, but was aggravated to some extent by NAC pretreatment (Fig. 5C and E) . In addition, CsA and NAC were able to reduce LC3 II expression (Fig. 5D ). These findings indicate that Adpa-Mn may disrupt the mitochondrial membrane to induce apoptosis and protective autophagy in U251 cells.
Discussion
The success of cisplatin in the treatment of patients with cancer has resulted in the hypothesis that other metal complexes may be considered as potential drugs in future chemotherapy regimens. The present study aimed to verify whether the designed Mn-compound, Adpa-Mn, may be used as an anti-glioma lead compound. In the present study, Adpa-Mn was demonstrated to be active against glioma cells, whereas it had little effect on normal astrocytes. In addition, Adpa-Mn time and dose-dependently induced mitochondrial dysfunction, as determined by mitochondrial collapse and ROS generation, finally resulting in apoptotic cell death.
Apoptosis is a type of cell death that is characterized by nuclear condensation and fragmentation, and apoptotic body emergence without plasma membrane breakdown. During apoptosis, numerous death signals converge on mitochondria, particularly the release of cytochrome c as a consequence of the increased permeability of the outer mitochondrial membrane, which subsequently activates downstream caspase signaling (25) . In the present study, Adpa-Mn was revealed to induce apoptosis mediated by the mitochondrial pathway (Fig. 2) .
Autophagy is a dynamic process, which is often termed autophagic flux, whereby autophagosomes are formed in response to stimuli, engulf the cellular content and damaged organelles, and fuse with lysosomes; the contents of the autophagosome are subsequently degraded (26) . Autophagy has previously been referred to as a physiological process that has a protective role in cells that encounter environmental stress, including starvation and pathogenic infection (27) . Excess autophagy can also act as a pro-death mechanism; therefore, it has been classified as type II programmed cell death or autophagic cell death (28) . In U251 cells, the following characteristics of autophagy were detected following Adpa-Mn treatment: Formation of AVOs and elevated ratio of LC3-II to LC3-I. When combined with the autophagy inhibitors, CQ and 3-MA, cell viability was markedly inhibited (Fig. 3) . These results suggested that autophagy may have a protective role during Adpa-Mn (29, 30) . ROS are predominantly generated from mitochondria and have a central role in cell death processes, including apoptosis and autophagy (31, 32) . Under excessive oxidative stress, the accumulation of ROS reaches a threshold level that triggers opening of the MPTP or oxidation of the mitochondrial outer membrane, which in turn leads to the simultaneous collapse of mitochondrial membrane potential and a transient increase in ROS generation by the respiratory chain that transforms O 2 into ATP (33,34). Adpa-Mn was able to induce mitochondrial dysfunction, including mitochondrial membrane potential collapse, ROS accumulation and ATP depletion. Conversely, pretreatment with NAC and CSA significantly inhibited Adpa-Mn-induced ROS accumulation. In addition, NAC and CSA hampered Adpa-Mn-induced autophagy, whereas CsA decreased, but NAC aggravated, apoptosis (Fig. 5) . CsA was also able to prevent Adpa-Mn-induced mitochondrial membrane potential collapse, whereas NAC could not. These data suggested that Adpa-Mn treatment destroyed mitochondria, thus leading to apoptosis of U251 cells; however, ROS that originated from the damaged mitochondria triggered protective autophagy.
In our previous study, the Adpa-Mn complex exhibited high toxicity on cancer cell lines, but showed weak DNA binding and cleavage activity (20) . In addition, Adpa-Mn was shown to induce apoptotic cell death of HeLa cells (35) . Conversely, whereas Adpa-Mn-induced autophagy in HeLa cells acted as a form of cell death, it was protective in U251 cells. These findings suggested that there may be different mechanisms underlying autophagy regulation in HeLa and U251 cells, which require further investigation.
In conclusion, the present study demonstrated that Adpa-Mn exhibited selective inhibition on glioma cell proliferation coupled with mitochondria-mediated apoptosis and increased autophagy. In addition, Adpa-Mn-induced autophagy exerted protective effects on glioma cells. Therefore, Adpa-Mn alone, or combined with autophagy inhibitors, may be considered a novel option for the treatment of glioma.
